INTRODUCTION {#h0.0}
============

Outbreaks and sporadic cases of intestinal infections caused by Shiga toxin (Stx)-producing *Escherichia coli* (STEC) have become increasingly common ([@B1], [@B2]). While *E. coli* O157:H7 remains the most common STEC serogroup ([@B1]), additional STEC serogroups are being reported more frequently as causes of infection ([@B2]). In 2011, a large outbreak of diarrhea and hemolytic-uremic syndrome (HUS) caused by a novel Stx-producing strain of serogroup O104:H4 occurred in Germany ([@B3]), and a recent study of virulence factors of this strain in an infant rabbit model of intestinal colonization and diarrhea indicated that Stx and chromosomally encoded autotransporters, but not the aggregative adherence plasmid pAA, were required for disease induction ([@B4]). STEC bacteria are estimated to cause over 265,000 cases of infection annually in the United States, with more than 3,600 hospitalizations and 30 deaths ([@B5]). The gastrointestinal illnesses caused by STEC range from nonbloody diarrhea to hemorrhagic colitis, and approximately 5% to 10% of patients with STEC infections develop HUS, a life-threatening complication, with a case fatality rate of 3% to 5% ([@B6]). In the 2011 epidemic in Germany, HUS developed in \>20% of individuals infected with the O104:H4 strain ([@B3], [@B7]).

Shiga toxins are the principal cause of the diarrhea and HUS associated with STEC infections ([@B8]). They are categorized into two antigenically distinct groups, Stx1 and Stx2, which are potent cytotoxins composed of a single toxic A subunit and five B subunits ([@B8]). Stx2 is more frequently associated with severe disease and is more potent in toxicity and lethality models in mice ([@B9]). Treatment of STEC infection is supportive, and antibiotic use is controversial ([@B10]), as it has been reported to promote production and release of the phage-encoded Stxs ([@B11], [@B12]) and may increase the risk of HUS ([@B13]). However, not all studies have detected an impact of antibiotic treatment on the development of HUS ([@B14]). In light of this controversy, vaccines and/or immunotherapeutics that target Shiga toxins are considered a valuable approach for prevention and treatment of these common infections.

To date, several Shiga toxin-based vaccine strategies using either nontoxic subunits, recombinant proteins, or inactivated holotoxins have been undertaken ([@B15][@B16][@B17]), and several protein-based vaccines have been shown to reduce fecal shedding and carriage in cows ([@B14]). In addition to Stx, other vaccine antigens that are under development include the lipopolysaccharide (LPS) O-antigens (e.g., O157) ([@B2], [@B18]) and surface proteins ([@B15]); however, the existence of a variety of STEC O-antigens may limit the utility of the former approach.

In contrast to O-antigens, poly-*N*-acetylglucosamine (PNAG), a polymer of β-(1−6)-linked *N*-acetylglucosamine units, is a widely conserved carbohydrate that has been detected on the surface of a broad range of pathogens following its discovery in *Staphylococcus epidermidis* and *Staphylococcus aureus* ([@B19], [@B20]). The highly acetylated glycoform of PNAG naturally expressed on microbial surfaces elicits nonkilling, nonprotective antibody ([@B21], [@B22]) due to the antibody's inability to deposit opsonically active complement onto the microbial surface ([@B23]). Removal of the majority of acetates from the native PNAG molecule ([@B21], [@B22]) or use of a synthetic oligosaccharide consisting of β-(1-6)-linked glucosamines (i.e., no N-linked acetates) conjugated to carrier proteins ([@B24], [@B25]) generates opsonic or bactericidal antibody protective against microbes producing the native, highly acetylated PNAG ([@B24]), including a variety of *E. coli* strains isolated from the urinary tract ([@B26]). However, the evaluation of PNAG-based vaccine candidates against STEC or any other pathogen confined to the gastrointestinal (GI) tract has not been conducted thus far. To assess protective potential in the GI tract, a bivalent vaccine was synthesized by conjugating a synthetic β-(1−6)-oligoglucosamine consisting of 9 glucosamine units (nonaglucosamine \[9GlcNH~2~\]) to the carrier protein Shiga toxin 1b subunit (Stx1b). Stx1b was chosen as opposed to Stx2b, because the latter was reported to be poorly stable ([@B27]) and thus not readily amenable to conjugation. We found that for O157 STEC strains, antibody induced by the conjugate vaccine could neutralize both Stx1 and Stx2 and mediate PNAG-specific opsonic/bactericidal killing. Antibodies to both of these antigens were required for *in vivo* protection against O157 STEC strains, but antibody to PNAG alone could protect mice against O104 STEC infection. Since immunity to PNAG can contribute to resistance to STEC infections in a mouse infection model, this conserved carbohydrate may be a key component for development of a broad-spectrum vaccine for STEC.

RESULTS {#h1}
=======

Detection of surface-associated PNAG in STEC. {#h1.1}
---------------------------------------------

We used a fluorescently labeled human monoclonal antibody (MAb) (F598) that specifically binds PNAG ([@B25]) and confocal microscopy to assay for surface-associated polysaccharide. All four O157:H7 strains exhibited robust staining with F598 and only background staining with an isotype-matched control human MAb ([Fig. 1A](#fig1){ref-type="fig"}). MAb F598 did not bind to Δ*pgaC* or Δ*pgaABCD* derivatives of these 4 strains, which are not capable of PNAG synthesis ([Fig. 1A](#fig1){ref-type="fig"}). MAb F598 binding to cell surfaces of non-O157 STEC strains was observed, and binding was lost after digestion with the PNAG-degrading enzyme dispersin B ([@B28]) and PNAG-destroying sodium periodate ([Fig. 1B](#fig1){ref-type="fig"}). Thus, all 9 STEC strains produce surface-associated PNAG.

![Expression of poly-*N*-acetylglucosamine (PNAG) by STEC strains. (A) PNAG production by four O157 STEC strains, EDL933, 86-24, 345, and 1144 and their respective *pgaC* (EDL933) or *pgaABCD* (other 3 strains) deletion mutants. (B) PNAG production by non-O157 STEC strains. In panel B, demonstration of specificity for PNAG was shown by maintenance of MAb F598 binding after treatment with the control enzyme chitinase but loss of binding after treatment with the PNAG-specific hydrolytic enzyme dispersin B or reaction with sodium periodate, which hydrolyzes PNAG by breaking the bonds between vicinal carbons 3 and 4 that contain hydroxyl groups in *N-*acetylglucosamine. The red channel shows DNA, while the green channel shows control MAb or MAb to PNAG and columns labeled Overlay show fluorescence in both channels. Green fluorescence that does not overlap red fluorescence (i.e., strain 345) indicates likely nonspecific binding of a MAb to non-cell-associated material. Bars, 10 µm.](mbo0021417780001){#fig1}

Characterization of the antisera elicited by the 9GlcNH~2~-Stx1b conjugate vaccine. {#h1.2}
-----------------------------------------------------------------------------------

The 9GlcNH~2~-Stx1b conjugate elicited high-titered IgG antibodies that bound to purified native PNAG at levels slightly less than to a reference control raised to 9GlcNH~2~-TT (9GlcNH~2~ conjugated to tetanus toxoid) (see [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material) ([@B24], [@B25]) and to purified Stx1 holotoxin ([Fig. S1B](#figS1){ref-type="supplementary-material"}). There was also clearly detectable (albeit at a lower titer) binding of the antibody raised to the Stx1b carrier to Stx2 ([Fig. S1C](#figS1){ref-type="supplementary-material"}).

Antisera raised to the 9GlcNH~2~-Stx1b conjugate mediated opsonic killing of PNAG-producing STEC strains in the presence of the HL-60 phagocytic cells comparable to that of the control immune serum to 9GlcNH~2~-TT ([Fig. 2A and B](#fig2){ref-type="fig"}). In phagocyte-independent bactericidal killing assays, antibodies to both the 9GlcNH~2~-TT and 9GlcNH~2~-Stx1b exhibited bactericidal killing of four out of five STEC strains tested ([Fig. 2C and D](#fig2){ref-type="fig"}).

![*In vitro* opsonophagocytic killing (OPK), bactericidal activity, and Shiga toxin neutralizing activity of the antibodies induced by PNAG-based conjugate vaccines. (A and B) Opsonophagocytic killing (with HL-60 cells) of the STEC strains indicated on the *x* axis by antibody in sera raised to 9GlcNH~2~-TT (A) or 9GlcNH~2~-Stx1b (B). (C and D) Bactericidal killing (without HL-60 cells) of the STEC strains indicated on the *x* axis by antibody in sera raised to 9GlcNH~2~-TT (C) or 9GlcNH~2~-Stx1b (D). There was no killing in the absence of complement in any assay (small bar to the left of each 1:10 serum dilution bar). Bars represent means of three replicate samples within an assay. (E and F) Normal rabbit serum (NRS), antibody to the 9GlcNH~2~-Stx1b conjugate vaccine, MAb to Stx1, or polyclonal antibody to Stx2 was diluted as indicated on the *x* axis and mixed with an amount of either Stx1 or Stx2 predetermined to give \~50% killing (dashed lines) of the Vero cells in 96-well culture plates. The control for Stx1 neutralization was a MAb initially used at 200 ng/ml. The bars represent the calculated mean cell viabilities from six duplicate wells, and the graphs depict a typical experiment representative of 3 repeat assays.](mbo0021417780002){#fig2}

Toxin neutralization assays using a concentration of purified native Stx1 (40 pg/ml) that killed \~50% of Vero cells in the absence of added serum along with twofold serial dilutions of the antiserum raised to 9GlcNH~2~-Stx1b, control normal rabbit serum (NRS), or the positive-control MAb to Stx1b revealed a high level of toxin neutralizing activity, with an endpoint neutralization titer of \~16,000 ([Fig. 2E](#fig2){ref-type="fig"}). The control MAb to Stx1b had detectable neutralizing activity at a concentration of \~25 ng/ml ([Fig. 2E](#fig2){ref-type="fig"}). Antibody to Stx2 had no neutralizing activity against Stx1 at the concentrations tested. Antibody to 9GlcNH~2~-Stx1b also contained detectable neutralizing activity against Stx2, with an endpoint dilution of 1:320 ([Fig. 2F](#fig2){ref-type="fig"}).

Requirements for Stx and PNAG in a lethal, infant mouse-based STEC infection model. {#h1.3}
-----------------------------------------------------------------------------------

We found we could consistently achieve a moribund/lethal infection 50 to 120 h postinoculation following oral gavage of 5-day-old CD1 mice with ≥5 × 10^8^ CFU/mouse of various STEC. Following oral gavage, we sacrificed animals 0.25, 3, 30, and 50 h postgavage and measured the STEC CFU in the stomachs, small intestines, large intestines, and systemic tissues, including the livers, kidneys, and spleens (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). Within 15 min of infection, STEC bacteria were detected in the stomach, small intestine, and large intestine, where they remained until at least 50 h. STEC CFU in the stomach and small intestine declined during this period, but high levels persisted within the large intestine ([Fig. S2](#figS2){ref-type="supplementary-material"}). No major pathological changes were observed in the GI tracts or kidneys by hematoxylin and eosin staining of tissue sections after 72 to 96 h of infection. STEC was not recovered from any extraintestinal tissues at this point ([Fig. S2](#figS2){ref-type="supplementary-material"}).

We deleted the complete *stx*~1~ and *stx*~2~ genes in *E*. *coli* O157:H7 strain EDL933 to test whether either of the Shiga toxins is required for lethality. All isogenic mutant strains had *in vitro* growth curves identical to that of the wild-type (WT) parent, and PCR analysis, along with detection of toxin expression *in vitro*, confirmed that all mutants retained or lost the intended genes and corresponding protein production. Deletion of *stx*~1~ had no effect on EDL933 virulence, whereas EDL933 lacking *stx*~2~ did not cause death in mice, even at doses up to 10^10^ CFU/animal ([Fig. 3A](#fig3){ref-type="fig"}), indicating that mortality depends on production of lethal amounts of Stx2. The much greater potency of Stx2 over Stx1 in mice has been reported previously by others ([@B29], [@B30]). A Δ*pgaC* EDL933 strain that does not produce PNAG ([Fig. 1](#fig1){ref-type="fig"}) was avirulent, and no deaths were observed ([Fig. 3B](#fig3){ref-type="fig"}), similar to the Δ*stx*~2~ mutant.

![Virulence of *stx* and *pga* mutants of *E. coli* O157 strains orally gavaged into 5-day-old mice. (A) Deletion of the *stx*~2~ gene, but not the *stx*~1~ gene, resulted in complete loss of virulence for *E. coli* EDL933. The challenge doses (in CFU) are indicated on the graphs, and the numbers in the parentheses are the number of survivors to the total number of infected mice. (B to D) Loss of ability to produce PNAG by deletion of the *pgaC* gene in strain EDL933 (B) or the entire *pga* locus (strains 86-24 \[C\] and E345 \[D\]) decreases virulence of these three *E. coli* O157 strains in infant mice. *P* values were determined by log rank tests comparing the values for the wild-type (WT) *E. coli* with the values for mutant strains.](mbo0021417780003){#fig3}

Deletion of the entire *pga* locus in *E*. *coli* strains 86-24 and E345 also attenuated the virulence of these 2 STEC strains, although not to the same extent as in EDL933 ([Fig. 3C and D](#fig3){ref-type="fig"}). Together, these observations suggest that PNAG contributes to STEC pathogenicity in this infant mouse model.

Protective efficacy of antiserum raised to 9GlcNH~2~-Stx1b to STEC infection. {#h1.4}
-----------------------------------------------------------------------------

Five-day-old mice were given intraperitoneal (i.p.) injections of 80 µl of the rabbit antiserum raised to the 9GlcNH~2~-Stx1b conjugate vaccine 16 and 4 h prior to oral infection ([Fig. 4](#fig4){ref-type="fig"}). All mice pretreated with the control NRS became moribund or died within 76 h of STEC inoculation, whereas 60 to 80% mice pretreated with the antisera from the PNAG-Stx1b immune rabbits were alive 120 h after STEC inoculation, including mice infected with strains lacking the Stx1 target antigen. Three additional experiments with infant mice challenged with strain EDL933 also showed efficacy ranging from 50 to 100% protection in the immune mice (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). The variability in protective efficacy likely reflects the use of outbred CD1 mice and inability to precisely control some experimental factors such as the exact inoculum size, comparability of challenge inocula prepared on different days, and factors that naturally vary within an animal's environment. Nonetheless, immunization with the 9GlcNH~2~-Stx1b conjugate vaccine elicited protective antibodies against lethal STEC infection as demonstrated in multiple experiments.

![Protective efficacy of antibody raised to the 9GlcNH~2~-Stx1b synthetic oligosaccharide-conjugate vaccine against three O157:H7 STEC strains. Kaplan-Meier survival curves analyzed by the log rank test were used to generate the indicated *P* values. The numbers in parentheses are the numbers of survivors to the total number of mice challenged. The challenge strains are indicated above each graph. The challenge doses were 8 × 10^8^ CFU of O157:H7 strain EDL933 (A), 8 × 10^8^ CFU of strain EDL933 Δ*stx*~1~ (B), 5 × 10^8^ CFU of strain 86-24 (C), and 9 × 10^8^ CFU of strain E345 (D).](mbo0021417780004){#fig4}

Antibodies to either PNAG or Stx present in the antisera elicited by the 9GlcNH~2~-Stx1b vaccine could individually confer protection from lethal STEC infection or they might both be needed for full efficacy. We thus compared protective efficacy of the antisera raised to 9GlcNH~2~-Stx1b with a high-titered antisera raised to 9GlcNH~2~-TT, which has only antibody to PNAG ([@B24]). The latter antiserum had no protective efficacy in mice ([Fig. 5A](#fig5){ref-type="fig"}), even if 3 doses were given starting 16 h preinfection and at 24 and 48 h postinfection. Addition of a monoclonal antibody to Stx1 to the monospecific antiserum to PNAG also did not result in any protection ([Fig. 5A](#fig5){ref-type="fig"}). Furthermore, antibody to PNAG alone had no protective efficacy against EDL933 Δ*stx*~1~ and 86-24, STEC strains that produce only Stx2 ([Fig. 5B and C](#fig5){ref-type="fig"}). Using absorption experiments, we found that absorption of the antibody to PNAG from the serum raised to 9GlcNH~2~-Stx1b (anti-9GlcNH~2~-Stx1b absorbed) removed detectable antibody to this antigen and also abrogated protection ([Fig. 5B and C](#fig5){ref-type="fig"}). Restoration of protection was achieved by addition to the anti-9GlcNH~2~-Stx1b absorbed serum of antibody raised to 9GlcNH~2~-TT ([Fig. 5B and C](#fig5){ref-type="fig"}). Thus, in this model, neither antibody to Stx1b alone or PNAG alone was protective, but together they could prevent an otherwise lethal infection. Since antibody to Stx1b was essential to the protection of infant mice challenged with strains producing only Stx2, our findings also suggest that the titer of antibody to Stx2 elicited by the Stx1b carrier protein was sufficient to mediate this protection, consistent with a prior report on cross-reactivity of some murine MAbs to both Shiga toxins ([@B31]).

![Protection against *E. coli* O157 but not O104 requires both antibody to PNAG and Stx. (A) Five-day-old mice challenged with 5 × 10^8^ CFU of *E. coli* EDL933 by oral gavage were protected following intraperitoneal (i.p.) injection of antibody to 9GlcNH~2~-Stx1b, but protection could not be achieved with antibody to a different PNAG oligosaccharide conjugate vaccine, 9GlcNH~2~-TT. Adding a monoclonal antibody to Stx1 to the PNAG-only antibody (9GlcNH~2~-TT) did not achieve protection. (B and C) Protection against *E. coli* O157 EDL933 Δ*stx1* (B) and 86-24 (C) obtained with antibody to 9GlcNH~2~-Stx1b was lost after absorption (9GlcNH~2~-Stx1b absorbed) with *S. aureus* MN8M to remove antibody to PNAG. Similarly, there was no protection after administering antibody to PNAG only (anti-9GlcNH~2~-TT). Addition of antibody to 9GlcNH~2~-Stx1b absorbed with *S. aureus* MN8M to the PNAG-only antiserum 9GlcNH~2~-TT restored protective efficacy, indicating that antibodies to both PNAG and Stx are required for protection. Kaplan-Meier survival curves were analyzed by log rank tests. An asterisk indicates an *P* value of \<0.01 compared to survival in mice given NRS. (D) Survival of infant mice (12 to 14 mice/group; results from two identical experiments combined) challenged orally after two injections of the indicated antiserum (2X antibody) 16 and 4 h before infection. (E) Survival of infant mice (5 mice/group) injected with antisera raised to 9GlcNH~2~-TT given 3 times at 16 h before infection and at 24 and 48 h postinfection. The survival curves were analyzed by log rank test.](mbo0021417780005){#fig5}

Protection against Stx-producing *E. coli* O104:H4. {#h1.5}
---------------------------------------------------

We next tested whether antibodies to PNAG with or without antibody to Stx protected mice against lethal oral infection with enteroaggregative *E. coli* (EAEC) O104:H4. We i.p. injected two or three doses of the antiserum containing antibody only to PNAG (anti-9GlcNH~2~-TT) or twice with the antiserum raised against 9GlcNH~2~-Stx1b. Two injections of serum with antibody to both PNAG and Stx1b protected infant mice against EAEC O104:H4 infection, whereas two injections of antibody to PNAG significantly (*P* = 0.04) extended survival, but final mortality was the same as in mice given NRS ([Fig. 5E](#fig5){ref-type="fig"}). However, three doses of antiserum containing only antibody to PNAG administered 16 h prior to infection as well as 24 and 48 h postinfection was protective against lethality caused by the *E. coli* O104 strain ([Fig. 5F](#fig5){ref-type="fig"}).

Protection against non-Stx-producing *E. coli*. {#h1.6}
-----------------------------------------------

To assess whether antibody raised to the 9GlcNH~2~-Stx1b conjugate could protect against a non-Stx-producing, PNAG-positive *E. coli* isolate as previously shown for antibody raised to the 9GlcNH~2~-TT conjugate ([@B24]), adult mice were given 0.2 ml of antisera 24 h prior to i.p. infection with 1.5 × 10^8^ CFU of *E. coli* urinary tract infection (UTI) strain J and sacrificed 48 h later when the bacterial levels in the livers were determined (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material). This antiserum significantly (*P* = 0.03 \[[Fig. S4](#figS4){ref-type="supplementary-material"}\]) lowered bacterial levels compared with mice given NRS, and 5 of 8 of the immune animals had sterile livers as opposed to 1 of 8 mice given NRS (*P* = 0.059 by one-tailed Fisher's exact test). Thus, the 9GlcNH~2~ oligosaccharide conjugated to TT ([@B24]) or Stx1b elicited comparable, broadly reactive, and protective antibody to the conserved PNAG antigen.

DISCUSSION {#h2}
==========

In this study, we evaluated the ability of antibody raised to a systemically delivered conjugate of a glucosamine nonasaccharide, 9GlcNH~2~, and Stx1b to mediate *in vitro* bacterial killing, Stx holotoxin neutralization, and *in vivo* protection against STEC. We demonstrated that cell surface-associated PNAG was detected in all 9 STEC isolates representing 6 STEC serogroups that we tested and found that antibody to the 9GlcNH~2~-Stx1b conjugate neutralized Stx1 potently and Stx2 modestly. For the O157 STEC strains, antibodies elicited by the 9GlcNH~2~-Stx1b conjugate possessed opsonic killing and bactericidal activity and protected infant mice in a lethal GI infection model. Antibodies to both PNAG and Stx were needed for infant mouse protection against O157 STEC. These antibodies also mediated killing and protection against the Stx2-producing EAEC O104:H4 strain that caused the recent HUS outbreak centered in Germany ([@B3], [@B7]) but with this strain, mice were protected with three doses of antibody to PNAG alone. Collectively, our observations suggest that vaccination against both PNAG and Stx, using a construct such as 9GlcNH~2~ conjugated to Stx would be useful against a broad range of STEC serogroups.

PNAG-based vaccines have already been shown to have the potential to induce full or partial protection against a large range of microbial pathogens ([@B24], [@B25]); our demonstration here that they can contribute to immunity to STEC, potent pathogens confined to the GI tract, extends the range of microbes and host tissues wherein these vaccines might contribute to protective efficacy. Additionally, we demonstrated that PNAG is required for *E. coli* O157 virulence in the orogastric infant mouse model of STEC lethality. These findings suggest that additional PNAG-producing GI pathogens such as *Salmonella enterica* and *Listeria monocytogenes* ([@B25]) might also be targeted by vaccination against PNAG.

Investigational vaccines to Stx-producing enteric pathogens target the toxins themselves and often an additional component such as the LPS O157 antigen, adherence factors, or other bacterial antigens ([@B16], [@B17]). In some experimental mouse infection models, immunity to Stx alone is sufficient for protection against *E. coli* GI infection ([@B17]). Numerous studies to decrease carriage of *E. coli* O157 in farm animals have shown effects following immunization with a variety of antigens ([@B14]). Whether Stx and other antigens targeted by these vaccine strategies would be applicable to human immunity to *E. coli* O157 is not established, although clinical use of MAbs to Stx to prevent HUS in children has been initiated ([@B14]). Our findings do indicate that augmenting immunity to Stx with immunity to PNAG might have the potential to reduce diarrhea or shedding of STEC in either animals or humans.

Immunity to pathogens confined to the GI tract requires that immune effectors such as antibodies, complement, and phagocytes gain access to the infecting organisms. While mucosal IgA is often evoked as a main mediator of this immunity, there is little substantive evidence in humans linking IgA levels to immunity to GI pathogens that is independent of the presence of concomitant serum IgM or IgG antibody to the pathogen ([@B32]). Furthermore, the observation that only about 10% of IgA-deficient humans have clinically significant manifestation of their condition encompassing increased susceptibility to infections ([@B32]) provides a powerful argument that mucosal IgA is not critical for protecting against GI pathogens. In contrast, serum vibriocidal antibody correlates with LPS O-antigen-specific immunity to *Vibrio cholerae* ([@B33]), and many examples of successful vaccination by systemic immunization and/or induction of serum IgG antibodies against mucosal pathogens such as influenza virus, poliovirus, and rotavirus ([@B34]), along with reductions in carriage of pathogens that colonize mucosal surfaces ([@B35]), are known.

Serum IgG transits onto and off the GI epithelium via the neonatal Fc receptor (FcRn) ([@B36]) expressed throughout life in humans on antigen-presenting cells as well as epithelial and endothelial cells. The FcRn contains both the major histocompatibility complex (MHC) class I β-2-microglobulin component and the MHC class II invariant chain, whose synthesis is increased during infection-mediated inflammation. The transport of serum antibody to the inflamed GI mucosa may be due to increased FcRn expression or it might also gain access along with additional mediators of immunity such as phagocytes, complement, and other factors via inflammation-induced leakage through the disrupted epithelium caused by the infecting pathogen. In this context, concern has been raised about whether antibody to PNAG could disrupt the normal GI microbial flora, and we have addressed this issue in a prior publication ([@B25]), citing among many other factors, that in the absence of inflammation there is unlikely to be an accumulation of sufficient mediators of PNAG antibody activity to impact the normal GI microbial constituents. Overall, with human trials of an IgG1 MAb to PNAG initiated and an oligosaccharide-based vaccine being developed for clinical testing in humans and economically important animals ([@B24]), prospects are bright that immunity to PNAG can provide a major component of host resistance to infection against a broad range of pathogens ([@B25]), which might need to be augmented by immunization against a limited number of additional microbial virulence factors such as Stx.

MATERIALS AND METHODS {#h3}
=====================

Details are provided in [Text S1](#supplS1){ref-type="supplementary-material"} in the supplemental material.

Bacteria, plasmids, antibodies, and toxins. {#h3.1}
-------------------------------------------

The bacterial strains and plasmids used in this study, along with their relevant characteristics and sources, are listed in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material.

Detection of PNAG on bacterial surfaces. {#h3.2}
----------------------------------------

Confocal scanning laser microscopy was used to detect poly-*N*-acetylglucosamine (PNAG) on the bacterial surface as described previously ([@B25]). Images depicted in the figures are representative of multiple fields viewed.

Preparation of the conjugate vaccine. {#h3.3}
-------------------------------------

The thiol-derivatized 9GlcNH~2~-S-S (9GlcNH~2~ is a synthetic nonamer of nonacetylated PNAG) oligosaccharide was prepared from synthetic precursor ([@B37]) as previously described ([@B24]).

Antibody production and analysis. {#h3.4}
---------------------------------

Antibodies to purified 9GlcNH~2~ conjugated to the Shiga toxin 1b subunit (9GlcNH~2~-Stx1b) were raised in New Zealand White rabbits. Binding of antibodies to PNAG and Shiga toxin (Stx) was analyzed by enzyme-linked immunosorbent assay (ELISA) as described previously ([@B21]).

Antibody-dependent OPK assays. {#h3.5}
------------------------------

The four key components for opsonophagocytic killing (OPK) assays, including cells with phagocytic activity, complement, sera, and bacteria were prepared as previously described ([@B21]) except differentiated HL-60 (American Type Culture Collection, Manassas, VA) promyelocytic cells were used as the phagocytes ([@B38]).

Vero cell toxicity assay. {#h3.6}
-------------------------

The sera were analyzed as described previously ([@B39]) using a Vero cell cytotoxicity assay for the presence of toxin-neutralizing antibody.

Animal model of lethal STEC infection. {#h3.7}
--------------------------------------

Animal experiments complied with institutional and federal guidelines for animal care and use and were approved by the Harvard Medical Area Institutional Animal Care and Use Committee. A  moribund/lethal infection model was developed using 5-day-old CD-1 mice (Charles River Laboratories, Wilmington, MA). The infant mice were housed with and fed by their mothers; the mothers were fed a standard diet. Groups of mice were orally challenged with *E. coli* strains indicated in the text or the figure legends in 500 µl of phosphate-buffered saline (PBS), and survival was monitored for 1 week. For evaluation of the passive protection conferred by antibodies to 9GlcNH~2~-Stx1b, 5-day-old mice received 80 µl of either normal rabbit serum (NRS) or antisera to 9GlcNH~2~-Stx1b injected intraperitoneally (i.p.). In addition, antibodies to 9GlcNH~2~-TT (9GlcNH~2~ conjugated to tetanus toxoid) ([@B25]), monoclonal antibody (MAb) to Stx1b as well as a combined cocktail of this MAb and antibody to PNAG were evaluated against strain EDL933 infection.

Serum adsorption and reconstitution experiments. {#h3.8}
------------------------------------------------

The antiserum to 9GlcNH~2~-Stx1b was adsorbed with heat-killed *S. aureus* strain MN8M, a PNAG overproducer to remove antibody to this antigen or with *S. aureus* MN8Δ*ica*, which does not produce PNAG, as a control.

Mouse systemic infection model. {#h3.9}
-------------------------------

A previously described adult mouse systemic infection model ([@B40]) was used to investigate passive protection provided by antibodies to 9GlcNH~2~-Stx1b against a non-Stx-producing *E. coli* strain.

Statistical analysis. {#h3.10}
---------------------

Kaplan-Meier survival cures were analyzed by a log rank test incorporating Bonferroni's correction for multiple comparisons. Pairwise comparisons of bacterial tissue burdens and overall survival between immune and control groups were evaluated using a nonparametric unpaired *t* test and Fisher's exact test, respectively. *P* values for the latter analyses were determined from one-sided tests, as previous data and common sense indicated that the effect of the immune serum could go in only one direction, we could predict ahead of time that mice receiving nonimmune sera will have the higher tissue bacterial burdens before we collected any data and if the mice receiving the immune sera had ended up with the higher tissue bacterial levels, we would have attributed that difference to chance and called the difference "not statistically significant."

SUPPLEMENTAL MATERIAL {#h4}
=====================
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Binding of antibody to 9GlcNH~2~-Stx1b to wells on ELISA plates coated with PNAG (A), Stx1 (B), or Stx2 (C). Values are means of three replicate values, and error bars show standard deviations (SD). Download
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Figure S1, PDF file, 0.7 MB
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Determination of STEC CFU in mouse tissues at various time points postinfection of 5-day-old CD-1 mice via oral gavage with *E. coli* EDL933 (5 × 10^8^ CFU/mouse). Each symbol represents the value for an individual mouse. The short black lines show the geometric means for groups of mice. No bacteria were detected outside the gastrointestinal (GI) tract (limit of detection, 2 CFU/g \[rightmost panel\]). Download
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Protective efficacy of antibody raised to the synthetic oligosaccharide-conjugate vaccine (9GlcNH~2~-Stx1b) against *E. coli* EDL933. Infant mice were given 80 µl of the indicated antisera 24 and 4 h prior to challenge with \~8 × 10^8^ to 9 × 10^8^ CFU of strain EDL933/mouse. *P* values were generated by log rank analysis of the survival curves. Download
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###### 

Protective efficacy of antiserum raised to 9GlcNH~2~-Stx1B against systemic infection due to *E. coli* strain J. Strain J, a UTI isolate, was injected i.p. 24 h after i.p. injection of 200 µl of the indicated serum. After 48 h, the mice were euthanized, their livers were removed and homogenized, and bacterial levels were enumerated. Each symbol represents the value (CFU/gram) for an individual mouse. The black horizontal lines represent the median values for the groups of mice. The *P* value was determined by nonparametric *t* test. The lower limit of detection was 2 CFU/g. Download
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Bacterial strains and plasmids used in this study
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